Introduction {#h0.0}
============

Biodiversity is the heart of community ecology, but the mechanisms and factors controlling biodiversity, especially β-diversity, are poorly understood ([@B1]). Various ecological/evolutionary processes and factors interact to shape the patterns of species composition and diversity on various scales ([@B2]). One important ecological/evolutionary process is community assembly, which is generally referred to as the construction and maintenance of local communities through sequential arrival of potential colonists from an external species pool ([@B2]--[@B4]). Knowledge about the processes and factors controlling community assembly is critical to our understanding of the patterns of species composition and diversity because it provides a conceptual framework for which and how many species live in a particular locality ([@B5]). However, the mechanisms of community assembly and many of the critical factors shaping species composition and structure remain controversial ([@B1], [@B6]). The traditional niche-based theory asserts that the deterministic factors, such as species traits, interspecies interactions (e.g., competition, predation, mutualism), and environmental conditions, govern species diversity and composition of a local community ([@B7], [@B8]), and hence community composition should converge toward a single pattern under similar environmental conditions, while communities under different environmental conditions will have divergent configurations ([@B5]). In contrast to niche-based theory, neutral theory ([@B9]) assumes that many natural community patterns can be generated by only considering ecological drift, i.e., stochastic processes of birth, death, colonization, extinction, and speciation ([@B9]--[@B11]). Ecological drift leads to dispersal-assembled communities whose members are present mainly or solely owing to dispersal (immigration) rather than adaptation to their habitats ([@B12]).

Stochasticity in community assembly could cause considerable site-to-site variability in species compositions, known as β-diversity, even under identical environmental conditions ([@B1], [@B5], [@B6]), which could also lead to alternative stable states in community structure ([@B6], [@B13], [@B14]). However, illustrating the existence of stochastic assembly and its relative roles in determining community composition is very challenging because it is extremely difficult, if not impossible, to manipulate or reconstruct assembly history in natural ecosystems ([@B5]) and to ensure that the initial conditions (e.g., initial density, initial environmental heterogeneity) and environmental conditions are identical ([@B6], [@B13]). In addition, the links between community assembly and functions remain elusive ([@B5]). It is not clear whether the dispersal-assembled communities with divergent structures are functionally different. However, discerning the relationships between community assembly and ecosystem functioning is even more difficult ([@B1], [@B5], [@B15]), especially in microbial communities.

It is well documented that microbial communities in nature are highly diverse ([@B16], [@B17]), but little is known about the factors shaping microbial community diversity and assembly. Although deterministic factors ([@B18]), such as carbon and nutrient resource heterogeneity ([@B17]), differences in environmental conditions ([@B19], [@B20]), spatial isolation ([@B17]), and species traits and/or interspecies interactions ([@B18]), play key roles in shaping soil microbial community structure, they alone are not sufficient to explain the extremely high diversity of microbial communities observed in nature ([@B21]). Several recent studies ([@B22]--[@B24]), showed that a substantial part of variations in microbial community compositions could not be explained by spatial distance and environmental variables, despite exhaustive measurements of all routinely measured environmental variables. A part of the microbial community variations observed must be a result of stochastic processes of community assembly through differential colonization history, ecological drift (e.g., stochastic birth, death, colonization, extinction, and speciation), and/or dispersal limitation ([@B1], [@B9], [@B10], [@B25]--[@B27]). However, explicit evidence for the existence of stochastic assembly and its relationships to community functioning is lacking.

The objectives of this study were to (i) illustrate the possible existence of stochastic assembly in microbial communities under identical environmental conditions from the same source community, (ii) understand the relative roles of deterministic versus stochastic factors in determining microbial community composition, and (iii) determine the possible linkages between community assembly and community functioning. In this study, we used a microbial electrolysis cell (MEC) as a model system to examine the importance of stochastic assembly in determining microbial community structure and functions. We hypothesize that stochastic process of colonization is critical to the assembly of the MEC microbial communities but the roles of deterministic processes such as priority effects are not negligible ([@B28]). Our results supported this hypothesis by demonstrating that stochastic assembly plays a dominant role in determining not only community structure but also ecosystem functions. These results have important implications on understanding ecosystem functioning, biodiversity preservation, and ecosystem management.

RESULTS AND DISCUSSION {#h1}
======================

Microbial communities in MEC reactors as model systems for studying community assembly. {#h1.1}
---------------------------------------------------------------------------------------

MEC technology is a promising new technology for efficient and sustainable hydrogen production from biodegradable organic matter ([@B29]). MECs are bioreactors in which microorganisms oxidize organic matter by electrolysis and the liberated protons and electrons can then form H~2~ with a small energy input ([@B31]--[@B33]). In this process, exoelectrogenic microorganisms from wastewater generally attach to the anode of a MEC to form a biofilm and release protons and electrons through oxidation of organic matters. The released protons and electrons flow to the cathode to produce hydrogen at the cathodic side through the addition of a small voltage (0.7 V) to the circuit ([@B29]--[@B31]).

The establishment and dynamics of the biofilm communities in MEC reactors are ideal for examining the role of stochastic processes (i.e., colonization and extinction) in community assembly ([@B34]) ([Fig. 1](#fig1){ref-type="fig"}). Many replicate reactors can be set up with the same wastewater inoculum and operated under identical environmental conditions. The wastewater inoculum generally contains many different microbial populations ([Fig. 1A](#fig1){ref-type="fig"}) that can potentially colonize the anode by random chance. Due to such stochastic colonization, considerable site-to-site variation (unpredictability) in community composition could exist under identical environmental conditions ([Fig. 1B](#fig1){ref-type="fig"}). Such unpredictability could also be intensified by subsequent deterministic processes through species selection, priority effects, and population interactions ([Fig. 1C](#fig1){ref-type="fig"}). After initial colonization, some species could come off anode biofilm and be lost during medium exchanges, which is a proxy for the species extinction process. Thus, the final community structure could be dependent on stochastic ecological drift (i.e., initial stochastic colonization and subsequent extinction) as well as priority effects and species interactions.

![Stochastic community assembly processes in the MECs. The diagram shows a schematic of neutral dynamics in the assembly of the MEC reactor biofilm community. It is assumed that the regional pool has 20 individuals of 5 species (A, B, C, D, and E), with each species having a different abundance (A). During the initial inoculation, different species colonize the anodes of the MECs to produce current. Due to the stochastic process of colonization, the established biofilm composition varies considerably among different MEC reactors to form 4 different community structure states (B). Following that, the reactor solutions were replaced with new sterile medium every 24 h. Due to competition for resources and space, some species could detach from the biofilm and subsequently be lost during medium exchange, whereas some species could recolonize the anodes, which further creates variation of the communities among different bioreactors (C). Thus, even though these reactors were operated under identical conditions with the same source community, the community structures were quite different due to ecological drift in colonization.](mbo0011314550001){#fig1}

Using well-controlled laboratory systems such as the MEC bioreactors adopted here has several unique advantages for studying community assembly ([@B18], [@B35]--[@B38]). First, the small size and short generation times of microorganisms allow us to manipulate and monitor the ecologically meaningful influences of stochastic and deterministic factors on microbial communities in tractable experimental units and on short-time scales. Second, many replicate reactors can be set up with the same wastewater inoculum so that any differences of initial conditions (e.g., initial population densities and spatial heterogeneity) can be minimized. Third, the environmental conditions can be well controlled, and hence the reactor systems can be operated under identical environmental conditions, which is very difficult to achieve in natural settings ([@B35]). As a consequence, the effects of compounding factors on experimental results can be minimized. In addition, the laboratory systems are well-controlled closed systems, so that all important functional parameters of interest can be monitored at the whole-system level to allow establishment of reliable relationships of community structure to function, which is extremely difficult to achieve in nature.

Divergent communities obtained under identical environmental conditions from the same source community. {#h1.2}
-------------------------------------------------------------------------------------------------------

A total of 14 replicate MEC reactors were set up, and all were inoculated with the same wastewater from a wastewater treatment plant. To facilitate stochastic colonization, the reactors were initially inoculated with wastewater twice for 96 h to allow microbial cells to randomly colonize the anode for biofilm formation. After the initial colonization, the reactors were operated in fed-batch mode, in which the reactor solutions were replaced with fresh sterilized medium (\~26 ml) every 24 h. These reactors were operated under identical conditions (e.g., temperature, substrate feeding, applied voltage, reactor structure, and materials) for 55 days. During this period, both stochastic processes (e.g., recolonization and extinction) and deterministic processes (e.g., species selection, priority effects, and species interactions) could shape the patterns of β-diversity among these reactor communities. As expected, the physical and chemical conditions in these reactors appeared to be very stable over the experimental periods, as indicated by effluent pH (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material) and current generation (see [Fig. S2](#figS2){ref-type="supplementary-material"}). The functions of these reactors as measured by the yields of H~2~, CH~4~, and CO~2~ (see [Fig. S3A, B](#figS3){ref-type="supplementary-material"}, and [C](#figS3){ref-type="supplementary-material"}, respectively) were also relatively stable over time for most reactors after initial fluctuations.

The functional gene structures of these microbial communities were determined with GeoChip ([@B19], [@B39]), a high-throughput metagenomic technology for dissecting the functional gene structure of microbial communities important to biogeochemistry, ecology, and environmental sciences ([@B19], [@B23], [@B40]--[@B45]). GeoChip (version 3.0) contains about 28,000 probes covering approximately 57,000 genes from 292 functional gene families involved in carbon, nitrogen, phosphorus, and sulfur cycles, energy metabolism, antibiotic resistance, metal resistance, and organic contaminant degradation ([@B46]). GeoChip hybridization is able to provide species- and strain-level resolutions ([@B47], [@B48]). Many previous studies demonstrated that GeoChip is a powerful metagenomic technology for dissecting functional gene structure of microbial communities and for linking community structure to functions ([@B19], [@B23], [@B33], [@B39]--[@B41], [@B43]--[@B46]).

In this study, the β-diversity was represented by Sorensen's incidence-based (*D*~S~) and Bray-Curtis's abundance-based (*D*~BC~) indexes, which both range from 0 to 1. Substantial variations in community structure were observed among these reactor communities, as indicated by both Sorensen and Bray-Curtis dissimilarities (*D*~S~ = 0.47 ± 0.11; *D*~BC~ = 0.54 ± 0.11). Similarly, high variations were also observed at the level of individual functional gene groups based on *D*~S~ and *D*~*Bc*~ (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). Also, four distinct groups can be visualized in the detrended correspondence analysis (DCA) ordination space ([Fig. 2](#fig2){ref-type="fig"}): (i) group A, which consists of only one reactor (number 9); (ii) group B, which is comprised of six reactors (numbers 2 to 7); (iii) group C, which contains five reactors (number 1, 8, 10, 11, 13, and 14); and (iv) group D, which encompasses one reactor (number 12). Interestingly, SIMPER (similarity percentage) analysis indicated that the functional populations involved in metal resistance and antibiotic resistance rather than typical electricigens (e.g., metal-reducing bacteria) were most important in driving the separation of the communities among different reactors, as observed in [Fig. 2](#fig2){ref-type="fig"} (see [Fig. S4](#figS4){ref-type="supplementary-material"} in the supplemental material), which implies that selection could be an important process after initial colonization of these reactors, because the functioning of the resistance genes is critical for successful competition and survival. In addition, as revealed by three nonparametric tests, multiple response permutation procedure (MRPP), permutational multivariate analysis of variance (Adonis), and analysis of similarity (ANOSIM), the overall community structures among these four groups were all significantly different (*P* \< 0.05) ([Table 1](#tab1){ref-type="table"}). Similar observations were obtained at the level of individual functional gene groups (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). Finally, as shown above, two groups (B and C) contained more than three samples, so that further statistical tests could be performed. Similarly, the community structures between these two groups were also significantly different with all three methods ([Table 1](#tab1){ref-type="table"}). These results suggest that these MEC reactor communities were substantially different and most likely formed at least two distinct community states. Though the functions of these MEC communities were relatively stable (see [Fig. S3A, B](#figS3){ref-type="supplementary-material"}, and [C](#figS3){ref-type="supplementary-material"}) during the experimental period after initial 10 days, it is less clear whether the structures of these community states were stable over time. Further experiments with specific environmental perturbations and/or species invasions need to be designed to unequivocally test the stability of these multiple community states.

![Detrended correspondence analysis (DCA) of GeoChip hybridization data showing the relationships of microbial community functional gene structures among different reactors. Four distinct groups can be defined based on the DCA ordination, which could represent different alternative community states. The overall community composition and structure among these groups were also all significantly different, as shown in [Table 1](#tab1){ref-type="table"}.](mbo0011314550002){#fig2}

###### 

Significance tests of the differences of β-diversity among reactor communities

  Communities                Dissimilarity measurement   Adonis[*^a^*](#ngtab1.1)   ANOSIM [*^b^*](#ngtab1.2)   MRPP[*^c^*](#ngtab1.3)                   
  -------------------------- --------------------------- -------------------------- --------------------------- ------------------------ ------- ------- -------
  All four reactors groups   *D*~S~                      2.035                      0.007                       0.422                    0.007   0.418   0.006
  *D*~BC~                    2.638                       0.001                      0.612                       0.001                    0.463   0.001   
  Reactor group B versus C   *D*~S~                      2.796                      0.008                       0.33                     0.01    0.418   0.007
  *D*~BC~                    3.342                       0.009                      0.45                        0.012                    0.463   0.011   

Nonparametric multivariate analysis of variance with the Adonis function. The degree of freedom of Adonis for the case of "All four reactor groups" was 3, and that for the case of "Reactor group B versus C" was 1.

  ANOSIM, analysis of similarities.

 MRPP, multiresponse permutation procedure. MRPP is a nonparametric procedure that does not depend on assumptions such as normally distributed data or homogeneous variances but rather depends on the internal variability of the data.

Processes and mechanisms controlling community structure. {#h1.3}
---------------------------------------------------------

As shown above, high β-diversity was observed among these MEC reactors under identical environmental and operational conditions. Three distinct community assembly mechanisms can cause high β-diversity in ecological communities ([@B1]): (i) purely deterministic processes, in which community composition and diversity are determined by species interactions, habitat heterogeneity, and environmental conditions; (ii) purely stochastic processes, in which community compositions and diversity are generated by stochastic birth, death, colonization, and extinction; and (iii) interactions between stochastic and deterministic processes, in which stochastic variations in colonization history could lead to more intense deterministic priority effects that could intensify the unpredictability from ecological drift. Since these reactors were operated under identical environmental and operational conditions with the same inoculum, it is less likely that the purely deterministic processes play a significant role in the assembly of these communities. To test this hypothesis, a null model analysis was performed, and permutational analysis of multivariate dispersions (PERMDISP) was used to test the significance of the differences of β-diversity in these reactor communities from the null model ([@B1], [@B6]). If ecological drift (e.g., stochastic colonization and extinction) and possibly priority effects leading to multiple stable equilibria ([@B5], [@B6]) play dominant roles in community assembly, the β-diversity observed will be statistically indistinguishable from the random null expectation. On the other hand, if community assembly is shaped by purely deterministic processes, the β-diversity observed will be significantly lower than the random null expectation ([@B6]). Interestingly, PERMDISP test revealed that the observed β-diversity was indistinguishable from the null expectation (*F*~1,26~ = 0.003 and *P* = 0.962 for Sorensen dissimilarity; *F*~1,26~ = 0.015 and *P* = 0.897 for Bray-Curtis dissimilarity), suggesting that purely stochastic processes and/or the interactive effects of stochastic (colonization and extinction) and deterministic (e.g., priority effects and competition for space) processes could play prominent roles in shaping β-diversity in these MEC reactors.

To further determine whether the deterministic factors such as priority effects are important in the assembly of these reactor communities, the experimental data were tested against the neutral community models ([@B49], [@B50]). Our null hypothesis is that these reactor communities are controlled solely by ecological drift (e.g., stochastic colonization, birth, death, and extinction), and thus the gene abundance distributions follow neutral dynamics, as predicted by neutral community models ([@B51]). By fitting Etienne's neutral model ([@B49]) with the modeling parameters of θ = 367.578 and *m* = 0.0029, the null hypothesis was rejected for all MEC reactors based on both a Kolmogorov-Smirnov (KS) test and χ^2^ tests (*P* \< 0.001) (see [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material), suggesting that these local reactor communities might not be purely neutrally assembled. Therefore, it appears that both stochastic processes and deterministic priority effects could play roles in shaping β-diversity among these reactor communities.

The potential role of deterministic priority effects in the assembly of these reactor communities is also supported by the differences of local diversity in individual reactors (α-diversity). Since these reactors were inoculated with the same inoculum, the probabilities of all species or population colonizing the anodes of individual reactors should be more or less similar, and consequently the gene richness would be similar across all reactors if only stochastic processes alone determine community composition. Surprisingly, the functional gene richness and Shannon-Weaver diversity detected varied substantially among communities in these reactors, ranging from 584 to 2,485 genes. A total of 3,703 functional genes were detected, but only 3.4% of genes were shared among all reactors. None of the individual reactors contained more than 21.4% of the functional genes detected across all reactors. In addition, all major functional gene or phylogenetic groups on the GeoChip were detected in these reactors, but their relative abundance varied considerably (see [Fig. S5A and B](#figS5){ref-type="supplementary-material"} in the supplemental material), especially for various metal-reducing bacteria and several other dominant bacteria (see [Fig. S5C](#figS5){ref-type="supplementary-material"}). Such differences in gene richness and functional gene groups/populations are most likely due to strong selection after initial colonization.

Distinct differences in functions of the microbial communities formed under identical environmental conditions. {#h1.4}
---------------------------------------------------------------------------------------------------------------

Although stochastic assembly leads to multiple community states, it is not clear whether such community assembly processes affect community functioning. In this study, the functions of the MEC reactor communities were assessed mainly based on the production of various gases: H~2~, CH~4~, and CO~2~. Based on the yields of H~2~ and CH~4~, these reactors can also be divided into four groups, which are consistent with those based on community structure by DCA. Gas production varied significantly among these four groups ([Fig. 3](#fig3){ref-type="fig"}), as indicated by analysis of variance (ANOVA) (*F*~3,10~ = 50.93 and *P* \< 0.05 for H~2~; *F*~3,10~ = 16.83 and *P* \< 0.05 for CH~4~; and *F*~3,10~ = 7.01 and *P* \< 0.05 for CO~2~). For instance, group A produced about 76 times more H~2~ than group D did. In addition, Mantel tests showed that there were significant correlations between the changes of gas yields and community β-diversity measured by Sorensen dissimilarity (*r*~M~ = 0.394, *P* = 0.019) or Bray-Curtis dissimilarity (*r*~M~ = 0.384, *P* = 0.023), indicating that the functional differences among these reactors are most likely due to the differences in community structure. Therefore, our results suggested that stochastic assembly (stochastic colonization and extinction) leads to multiple community states with distinct community functions.

![Average yields of H~2~, CH~4~, and CO~2~ for the four reactor groups as shown in [Fig. 2](#fig2){ref-type="fig"}. The average yields and standard deviations of each gas were obtained based on individual measurements across experimental time among reactors. H~2~ yields were dramatically different among these reactors, whereas lesser variations were observed for CH~4~ and CO~2~.](mbo0011314550003){#fig3}

Relative roles of stochastic versus deterministic factors in determining community structure and functions. {#h1.5}
-----------------------------------------------------------------------------------------------------------

To delineate the relative contributions of stochastic and deterministic factors to the assembly of these reactor communities, a canonical correspondence analysis (CCA)-based variation partitioning analysis (VPA) was performed ([Fig. 4](#fig4){ref-type="fig"}). CCA revealed 4 deterministic variables---effluent pH, H~2~, CH~4~, and CO~2~---that were significant predictors of community composition (Monte Carlo permutation: overall, *F* = 1.72 and *P* = 0.005; pH, *F* = 1.84 and *P* = 0.01; H~2~, *F* = 2.36 and *P* = 0.005, CH~4~, *F* = 1.48 and *P* = 0.088; CO~2~, *F* = 1.65 and *P* = 0.042) (see [Fig. S6](#figS6){ref-type="supplementary-material"} in the supplemental material). Since these reactors were operated under identical conditions, the only measurable abiotic factor is the change in the effluent pH. Also, because the variations of gas production are most likely caused by the differences of community structure and their interactions (e.g., competition and mutualistic interactions), gas yields can, in turn, serve as a proxy for measuring the effects of biotic deterministic factors. Therefore, we can partition the variations in community composition into three main components: (i) biotic components (H~2~, CH~4~, and CO~2~), (ii) abiotic components (effluent pH), and (iii) an unexplained component ([Fig. 4](#fig4){ref-type="fig"}). VPA revealed that gases explained 30.1% (*F* = 1.59, *P* = 0.005) of variations in community structure, whereas pH explained 7.2% (*F* = 1.15, *P* = 0.35). Over half of the variations (56.6%) in community structure could be not explained by all the deterministic factors measured. Such unexplained components are most likely due to stochastic processes, because no other additional routine deterministic factors can be included. These results suggest that stochastic factors could have played major roles in determining the structure and functions of these MEC communities.

![CCA-based variation partitioning analysis showing the importance of abiotic (pH) and biotic (gases) deterministic factors in explaining the variations of microbial community functional structures. More than half of the variations in community structure could be not explained by all the deterministic factors measured and are most likely due to stochastic processes.](mbo0011314550004){#fig4}

Conclusions and implications. {#h1.6}
-----------------------------

Understanding the factors causing variations in β-diversity is an important but poorly understood issue in ecology because they are the key mechanisms influencing global variation in biodiversity ([@B1], [@B52]). Using a well-controlled laboratory system, this study provides an explicit evidence of the dominant roles of stochastic assembly (i.e., stochastic colonization) in creating variations of microbial community composition and structure, which is also supported by several previous observations ([@B25], [@B53]). Under identical environmental and operational conditions, the initial stochastic colonization generates substantially different microbial communities with very little overlap from the same source community, indicating that ecological drift could play a crucial role in controlling microbial community composition and should be taken into account in developing a mechanistic understanding of microbial community structure ([@B25], [@B51]). Second, this study also highlights the importance of the interactions of both stochastic and deterministic processes in shaping microbial community composition. After initial stochastic colonization, deterministic processes (species selection, priority effects) could play a critical role in maintaining or enhancing the community variations created by stochastic assembly. These results are consistent with several other studies from macrobial communities under various conditions ([@B1], [@B6]) as well as microbial communities ([@B54]). Therefore, the phenomenon of the interactive effects of both stochastic and deterministic processes on community composition could be general to many ecosystems, but their relative importance will be dependent on particular ecosystems, the organisms' traits, and environmental conditions. Third, more importantly, our findings provide the first empirical support for the critical role of community assembly in influencing ecosystem functioning, a central issue in ecological and environmental sciences ([@B15]). Under identical environmental conditions, the same source community can evolve into several communities not only with different structures but also with distinct functions. Mantel tests showed that the differences in community functions are primarily due to the variations in community structure, indicating the critical role of biodiversity in determining ecosystem functions. In addition, our findings have important practical implications in biodiversity conservation, ecosystem management, and engineering applications. For example, many environmental engineering studies currently have no replicates or do not have enough replicates. Our results indicate that unpredictability in replicate reactors is a consequence of stochastic processes in community assembly and that the study of replicates improves the chances of obtaining desirable microbial biofilm communities for environmental engineering purposes. However, it should be noticed that it is not clear whether the phenomenon found in this artificial bioreactor community is applicable to microbial communities from other habitats in natural settings such as soils, marine sediments, and groundwater. Thus, more rigorous tests on the generality of this phenomenon in various ecosystems are needed before it is considered a fundamental principle of microbial ecology.

MATERIALS AND METHODS {#h2}
=====================

The details for all materials and methods used in this study are provided in the supplemental material. Briefly, fourteen single chamber reactors were set up and inoculated with the same mixture of wastewater (50%) from the wastewater treatment plant in Norman, OK, and growth medium (50%). The collected wastewater was allowed to settle to remove big particles, with no obvious flocs observed, and hence the wastewater should be homogeneous. The single-chamber reactors were made of polycarbonate, as previously described ([@B31]). All reactors were started up as replicates in direct MEC mode ([@B55]) at a fixed applied voltage of 0.7 V (model 3645A; Circuit Specialists, Inc.). All reactors were incubated at room temperature (\~22°C) for 48 h to allow microorganisms in the wastewater to randomly colonize the anode brushes. To enhance biofilm establishment on the anode, the original reactor solution was replaced with the same fresh mixture of the wastewater and growth medium and incubated under the same conditions for another 48 h. After biofilm establishment, all reactors were operated in a fed-batch mode with a 24-h cycle for about two months by replacing the reactor solution with fresh sterile growth medium every 24 h. After each medium change, the chambers were purged using extremely pure N~2~ (99.998%) for 10 min to remove oxygen.

The gas samples were collected daily for gas chromatography analysis of hydrogen, carbon dioxide, and methane. Microbial samples were archived at --80°C. Community DNA from representative samples was extracted using the mechanical grinding and SDS-based chemical lysis method ([@B56]). The functional gene compositions and structures of these communities were analyzed with GeoChip as described previously ([@B19], [@B41]). Many of our previous studies indicated that GeoChip hybridization-based detection is quantitative ([@B19], [@B44], [@B47], [@B57], [@B58]). Various types of statistical analyses, including DCA, CCA, VPA, ANOVA, nonparametric analyses (e.g., MRPP, ANOSIM, and Adonis), and randomization tests of β-diversity (e.g., EcoSim, PERMDISP), are described elsewhere ([@B1], [@B6], [@B24], [@B55]). In addition, the neutral community modeling analyses were performed as previously described ([@B49], [@B50]). Both the χ^2^ test and Kolmogorov-Smirnov (KS) test were used to assess the difference between the observed distribution and expected frequency distribution generated from neutral models.

SUPPLEMENTAL MATERIAL {#h3}
=====================
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Supplemental materials and methods.
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Text S1, DOCX file, 0.6 MB
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pH changes during experimental periods for all 14 MEC reactors, and inflow solution. The effluent pH varied slightly among different reactors but was very stable over time for individual reactors. Download
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Figure S1, PDF file, 0.1 MB
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Current production during the experimental period for individual reactors. All 14 reactors produced current, although some degrees of variations were observed among reactors. Current production was also fairly stable over the experimental periods for each reactor. Download
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Figure S2, PDF file, 0.3 MB
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Stability of gas production over experimental time. (A) H~2~; (B) CH~4~; (C) CO~2~. The variation of the yield of gases (H~2~, CH~4~, or CO~2~) over time was measured by coefficients of variation (CVs) of the production of each gas for each reactor. The CV at each time point was calculated based on the average and standard deviations of gas yield over a 15-day window. By shifting the window to the next time points, the dynamic changes of CVs in gas production over time can be visualized as shown here. Little change in the CVs of gas yields were observed for most (H~2~) or all (CH~4~ and CO~2~) of the reactors after initial 10 days, suggesting that the functional performance for each reactor in terms of H~2~ production was relatively stable for these reactors after the initial 10 days. However, the H~2~ yields varied substantially among different reactors, whereas the CO~2~ yields were very consistent among different reactors. The CH~4~ yields also varied considerably among different reactors. Download
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Distribution of the functional groups which were most important in separating different bioreactor communities as shown in [Fig. 2](#fig2){ref-type="fig"}. The most important genes/populations were identified by SIMPER (similarity percentage) analysis (in PAST software). Only the functional genes belonging to the top 10% contributors (i.e., 90% cumulative cutoff value) are shown in this figure. The number of genes/populations of each functional group is listed in parentheses, and all 59 genes/populations were included in the pie diagram. Download
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Figure S4, PDF file, 0.1 MB
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Abundance changes of functional gene groups (A), phylogenetic groups (B), and key metal-reducing bacteria and several other dominant groups based on cytochrome genes (C). The overall functional and phylogenetic diversity patterns of these MEC reactor communities were substantially different at the levels of major functional categories (A) or phyla/classes (B), although the reactors were inoculated with the same inoculum and operated under identical conditions. *Geobacter*, *Shewanella*, *Desulfovibrio*, and *Anaeromyxobacter* are typical metal-reducing bacteria. *Pseudomonas* and *Rhodobacter* are commonly found in MEC reactors. They could play important roles in substrate oxidation, electron transfer, and hydrogen production. As shown in panel C, their abundance varied substantially among reactors. Download
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Canonical correspondence analysis (CCA) showing the relationships between community functional structure and environmental variables. Significant relationships (*P* \< 0.1) were observed between community structure and all environmental variables as whole or individual gases. Download
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Average β-diversity of the MEC reactor communities based on individual functional gene categories.
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Significance tests of the differences of β-diversity among the four reactor groups based on individual functional gene categories.
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Estimated *P* values of the goodness of fit to a neutral community model for different microbial communities in these reactors. The relative abundance of signal intensity × 10^5^ was used to fit the neutral community model. The metacommunity parameters are θ = 367.578 and *m* = 0.0029. All communities are not fitted with the neutral community model as indicated by both the Kolmogorov-Smirnov (KS) test and χ^2^ test.
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